The 3D spatiotemporal distribution (spatial and annual-month-daily temporal) features of the air quality index (AQI), air pollutants (PM 2.5 , PM 10 , SO 2 , NO 2 , CO, and O 3 -8h), and air pollution risks (R) from 2003 to 2018 were investigated to understand the severity of air pollution in Henan province. The multiyear ascending trends for AQI and R values, with a peak in 2015, were observed in 2003 to 2018 since the annual population-weighted average concentrations of PM 2.5 , PM 10 , NO 2 , and O 3 -8h were always higher than the CAAQs II from 2013 to 2017 in Henan province. Changes in the monthly moving average AQI values in Henan province conformed to a U-shaped pattern, with the highest values in the winter (from December to February) and the lowest in the summer (from June to August). Triple peaks for AQI values of 8:00-10:00 a.m., 6:00-8:00 p.m., and 2:00-4:00 p.m. in the representative municipalities corresponded with the morning and evening traffic tendencies and photochemical process. A spatial analysis indicated that there were decreasing trends for air pollution from northwest to southeast in Henan province. Data on 48 concrete parameters were collected from 2003 to 2017 to construct a driving force-pressure-state-influence-response (DPSIR) model for assessing the socioeconomic forces driving air pollution in this province. It was the too-rapid growth of the driving force index (DFI), induced by urban development and population growth (UDPG), economic growth and change of industrial structure (EGCIS), and energy consumption growth and structure change (ECGSC), that led to a direct increase in the atmospheric pollution burden, i.e., total emissions from air pollution and industrial emissions, which are linearly correlated to values of UDPG and ECGSC, respectively (p < 0.05). Furthermore, the prediction models for AQI and R values in Henan province, with the growth rates being 4.251 DFI −1 and 0.0816 DFI −1 , respectively, were simulated by multiple linear regression analysis. Therefore, the integrated risks of air pollution in Henan province were originally driven by DFI.
Introduction
As the fastest-growing major economy in the world, China has been increasingly threatened by environmental deterioration due to rapid economic growth, unprecedented urbanization, and climatic conditions in the past three decades [1] . In 2013, the annual average PM 2.5 concentrations in 93.2% of 74 key monitored cities in China were higher than 35 µg/m 3 (the maximum level set by the World Health Organization), leading to adverse impacts on atmospheric visibility, human health, traffic, fires, and even social stability [2] [3] [4] [5] [6] [7] . The Action Plan for Air Pollution Prevention and Control was rolled out in 2013 to mitigate air pollution levels in China. However, the frequent occurrence of extreme haze
Materials and Methods

Study Area
Henan province, located in central China, is a crucial transition zone from the developed coastal areas and western undeveloped areas. Due to high population accumulation, rapid economic growth rate, a coal-based energy consumption structure, and a fast urbanization process, the air quality in most cities of Henan province, such as Zhengzhou, Anyang, Pingdingshan, Jiaozuo, and Luoyang, has worsened in recent years. Therefore, the 17 municipalities of Henan Province, including Zhengzhou (ZZ), Kaifeng (KF), Luoyang (LY), Xinyang (XY), Anyang (AY), Pingdingshan (PDS), Zhumadian (ZMD), Jiaozuo (JZ), Zhoukou (ZK), Sanmenxia (SMX), Xinxiang (XX), Puyang (PY), Hebi (HB), Shangqiu (SQ), Xuchang (XC), Luohe (LH), and Nanyang (NY), were chosen to investigate the formation mechanism of urban air pollution risk based on a DPSIR model in Henan province, China (Figure 1 ). 
Data Sources
The AQI values of the 17 municipalities of Henan province from 2003 to 2018 were taken from the official website of Ministry of Ecology and Environment of the People's Republic of China (Table 1) . The historical data for most influence factors, including population (UD 1 ), urbanization (UD 2 ), GDP (UD 3 -EG 1 ), PCGDP (UD 4 ), vehicle population (UD 5 ), primary industry (EG 2 ), secondary industry (EG 3 ), tertiary industry (EG 4 ), industry (EG 5 ), construction (EG 6 ), tourism (EG 7 ), etc., were collected from the Henan Statistical Yearbook ( Table 1 ). The concentrations of SO 2 , NO 2 , PM 10 , PM 2.5 , CO, and O 3 in the 17 municipalities of Henan province were obtained from the Reports on Environment States in Henan Province, 1999 to 2018 ( Table 1 ). All these data were collected from Ministry of Ecology and Environment of the People's Republic of China, the Henan Statistical Yearbook, and Reports on Environment states in Henan Province, which contain official data provided by professional authority sectors, such as the China National Environmental Monitoring Centre, the Henan Province Bureau of Statistics, and the Department of Ecology and Environment of Henan Province. The living energy consumption (ES j ) and death population for related diseases (RD j ) in the 17 municipalities in a year were computed by Equations (1) and (2):
ES 0 is the daily per capita living energy consumption in Henan province, kg of standard coal·person −1 . RD io represents the mortality of the ith disease in Henan province, persons −1 . UD 1j represents the population of j municipality in Henan province, j = 1, 2, 3, . . . , 17, person
In order to calculate the integrated risk (R) values, AQI values were divided into seven grades, that is, the AQI value intervals were (0, 100], (100, 150], (150, 200], (200, 300], (300, 400], (400, 500], and (500, +∞], respectively, when i = 1, 2, . . . , 7. P i and C i represent the probability and severity of air pollution when i = 1, 2, . . . , 7. The severity of air pollution in Henan province was 0.25, 1.5, 2.5, 3.5, 4, 4.5, and 5, respectively, as determined by 20 environmental experts (environmental professors with a doctoral degree) in China. P i was calculated by Equation (4) . DAY i and DAY t were days for grade i and the whole year, respectively. Finally, the air pollution risk (R) values were calculated by Equation (3) using the risk matrix method, which is a common risk assessment method [23] .
DPSIR Model
Air pollution is a complex social-economic-environmental process and is increasingly drawing more and more attention from researchers around the world [24] . The 48 correlated influence factors were collected to evaluate the socioeconomic forces driving air pollution in Henan province using a DPSIR model, which was applied to determine the relationship between cause and effect of air pollution problems and status [25, 26] (Figure 2 ), which included five interactive modules: (1) Driving Force, including urban development and population growth (UDPG), economic growth and change of industrial structure (EGCIS), as well as energy consumption growth and its structure change (ECGSC, Table 1 ); (2) Pollution Pressure, to which total emissions of air pollution (TEAP) and industrial emissions of air pollution (IEAP) made great contributions; (3) Pollution State, including annual concentrations of SO 2 , NO x , PM 2.5 , PM 10 , CO, and O 3 -8h; (4) Influence, including traffic, fires, and related diseases; (5) Response, including the response of air pollution levels to social-economic-environmental changes in Henan province. For this model, the increase of driving force was the root reason for the rise in the pollutants burden ( Figure 2 ), which subsequently caused AQI and pollutant levels to rise a bit in a certain period. Actually, it was obvious that all the changes in driving force, pollutant burden, and pollutant contents would inevitably result in increased risk, including more traffic, more frequent fires, and an increased incidence of related diseases in the 17 municipalities of Henan province, China. Therefore, DPSIR model was a frame structural model for the socioeconomic forces driving air pollution in Henan province. The degree of correlations between air qualities and 48 concrete parameters by analysis methods which were discussed in Section 2.4. At the basis of these, quantitative relations between air pollution status (AQI, R, TEAP, IEAP) and socioeconomic forces driving air pollution in Henan province (DFI, UDPG, ECGSC) were simulated by the multiple linear regression analysis method using statistical analysis software SPSS 19.0.
Statistical Method
The correlations between AQI values and its influence factors in Henan province were analyzed by Pearson correlations using social statistical analysis software SPSS19.0. The principal component analysis (PCA) method was chosen to calculate the driving force index (DFI), UDPG, EGCIS, ECGSC, TEAP, IEAP, and passenger and freight turnover volume (K-H) values by the corresponding concrete parameters using SPSS19.0. The effect of influence factors on different modules was simulated by linear regression using SPSS 19.0.
Data Standardized Treatment Method
Taking the 2003 values as reference values, the relative ratio values for different influence factors in multiple years were calculated before the correlation and regression analysis in the 17 municipalities of Henan province. The spatial differences for AQI, over-standard days, and risk levels in Henan province in 2017 were drawn using Geography Drawing software Arcgis 10.0.
Results
The 3D spatiotemporal (spatial and annual-month-daily) features of air pollution in Henan province are analyzed in detail in Section 3.1. It was extensive air pollution that caused the baseline to change significantly in Henan province. Moreover, air pollution is aggravated if meteorological conditions are suitable ( Figure 2 ).
The 3D Temporal Characteristics of Air Pollution
AQI Value Variations
The annual average air quality index (AQI) values for 2003-2018 in the 17 municipalities of Henan province are analyzed in Figure 3 . Fluctuations in AQI values were observed in these municipalities from 2003 to 2012, followed by a dramatic increase to a peak in 2015 and a decreasing trend from 2015 to 2018, i.e., the AQI values for Zhengzhou in 2003, 2012, 2015, and 2018 were 78.46, 77.94, 134.76, and 115.62, respectively. It was demonstrated that the annual average AQI values for all the municipalities were always higher than 100 (the second standard for HJ663-2013), except for Xinyang from 2016 to 2018. It was proven that intensive pollutant emissions, originating from rapid urbanization, an irrational industrial structure, the explosive growth of vehicles, and excessive energy consumption, were the main causes for this pollution status, i.e., the total discharge amounts of SO 2 , NO x , and dust were 1.14, 1.25, and 0.85 million tons in Henan province in 2015 according to the Henan Statistical Yearbook. The multiyear series of AQI values in the 17 municipalities of Henan province showed discriminative seasonal differences ( Figure 4 , p < 0.05). A statistical analysis indicated that changes in the monthly moving average AQI values conformed to a U-shaped pattern, being the highest in the winter (from December to February) and the lowest in the summer (from June to August), which was consistent with the change trends for northern China discussed by Song et al. (2017) [9] . Although the annual average AQI values decreased from 2015 to 2018 (Figure 3 ), the AQI values in winter of the majority municipalities (including Zhengzhou, Kaifeng, Luoyang, Anyang, Pingdingshan, Jiaozuo, Puyang, Hebi, Xuchang, and Nanyang) in the winter of 2016 (2017, 2018) were much higher than those in 2014 and 2015. Furthermore, the average AQI values in the winter of all municipalities of Henan province exceeded the second standard for HJ663-2013 (100) in the winter of 2016 (2017, 2018), i.e., the AQI values were 179. 28 for Nanyang, respectively. The winter monsoon and higher secondary aerosols were cited as the two main reasons for the phenomenon [9, 27] . The diurnal variations of AQI values for Zhengzhou, Kaifeng, Luoyang, Xinyang, Anyang, Pingdingshan, Zhumadian, and Jiaozuo in 2017 were analyzed in Figure 5 . The bimodal tendency (a peak ranging from 8:00 a.m. to 10:00 a.m. and another peak ranging from 6:00 p.m. to 8:00 p.m.) was consistent with morning and evening traffic patterns, which indicated that traffic-related emissions were the most important pollutant source in Henan province. A significantly positive correlation between AQI values and vehicle numbers (p < 0.05) confirmed this inference. Furthermore, another peak around 2:00 p.m. to 4:00 p.m. in the summer represented a response to much higher O 3 contents throughout the day. 
Air Pollutant Content Changes
The multiyear changes for annual average mass concentrations of air pollutants (SO 2 , NO 2 , PM 10 , PM 2.5 , CO, and O 3 -8h) in the 17 municipalities of Henan province are shown in Figure 6 . Since the volume of industrial SO 2 decreased significantly in past years (Table 2) , the decreasing trends for annual average concentrations of SO 2 were observed in the 17 municipalities of Henan province from 2006 to 2017, i.e., the annual average concentrations of SO 2 in Zhengzhou, Kaifeng, Anyang, Pingdingshan, Jiaozuo, Sanmenxia, and Nanyang decreased from 0.069 mg·m −3 , 0.054 mg·m −3 , 0.053 mg·m −3 , 0.075 mg·m −3 , 0.065 mg·m −3 , 0.071 mg·m −3 , and 0.034 mg·m −3 to 0.021 mg·m −3 , 0.020 mg·m −3 , 0.031 mg·m −3 , 0.024 mg·m −3 , 0.025 mg·m −3 , 0.021 mg·m −3 , and 0.015 mg·m −3 , respectively. Furthermore, the higher and higher ratios of NO 2 /SO 2 in the municipalities of Henan province showed that vehicle emissions played a more crucial role in urban air pollution ( Figure 7 ). Table 3 summarizes the annual averages and standard deviations of annual population-weighted average (PWA) concentrations of the six air pollutants in Henan province for 2013-2017. In 2015 (2016, 2017), the annual PWA values were 0.0344 (0.0294, 0.0200) mg m −3 for SO 2 , 0.0403 (0.0405, 0.0402) mg m −3 for NO 2 , 0.135 (0.127, 0.117) mg m −3 for PM 10 , 0.081 (0.073, 0.066) mg m −3 for PM 2.5 , 2.690 (2.687, 2.320) mg m −3 for CO, and 0.150 (0.165, 0.183) mg m −3 for O 3 -8h, respectively, which were much higher than those of the whole country reported by Song et al. (2017) [9] . Among these, the PWA values of NO 2 , PM 10 , PM 2.5 and O 3 -8h were relatively higher than the CAAQs Grade II. PM 2.5 and PM 10 were the major pollutants as their PWA values were always much higher than the CAAQs Grade II and correlated to the corresponding AQI and R values (p < 0.05) in Henan province. The NO 2 PWA values were always higher than the CAAQs Grade II in Henan province in 2013 to 2017. Even worse, there was a linear increase in the O 3 -8h contents from 2013 to 2017, which aggravated the air pollution situation in Henan province. Figure 8 shows the spatial distributions of annual average AQI values, R values, and exceeding standards days (AQI > 100) in Henan province in 2015-2017. Significant regional differences in urban air quality were observed in Henan province (p < 0.05). Actually, the statistical results indicated that the annual average AQI values in the 17 municipalities were all higher than 100 except Xinyang, with the values decreasing from northwest to southeast. Meanwhile, northwest-southeast decreasing trends for R values and exceeding standard days were also found in Henan province. , 146) , respectively. Too-rapid urban development, an irrational economic structure, and the malformation of the energy consumption structure caused relatively poorer air quality in the northwest, and a run of foggy, hazy days caused a decline in visibility, traffic obstacles, a rise in urban fires (Figure 9 ), an increase in diseases (including cancer, respiratory disorders, heart disease, and nervous system disorders; see Figure 10 ) and psychological disorders, which thus caused an explosion of integrated risk in the 17 municipalities of Henan province from 2015 to 2017. Significant spatial differences in the annual average concentrations of six air pollutants (SO 2 , NO 2 , PM 10 , PM 2.5 , CO, and O 3 -8h) were observed among the 17 municipalities of Henan province ( Figure 6 ). In 2015 (2016, 2017), the annual average values in Henan province were 0.037 ± 0.011 (0.031 ± 0.009, 0.021 ± 0.006) mg·m −3 for SO 2 , 0.042 ± 0.009 (0.042 ± 0.009, 0.041 ± 0.007) mg·m −3 for NO 2 , 0.135 ± 0.015 (0.129 ± 0.014, 0.117 ± 0.012) mg·m −3 for PM 10 , 0.081 ± 0.008 (0.074 ± 0.008, 0.066 ± 0.007) mg·m −3 for PM 2.5 , 2.765 ± 0.910 (2.831 ± 0.909, 2.402 ± 0.758) mg·m −3 for CO, and 0.151 ± 0.015 (0.164 ± 0.011, 0.184 ± 0.017) mg·m −3 for O 3 -8h, respectively. Furthermore, the annual average concentrations of these six air pollutants in 2016 (2017) 
Spatial Characteristics of Air Pollution
Correlations Between Air Pollution and Socioeconomic Influence Factors
The urbanization rate, GDP, per capita GDP, urban population scale, and vehicle numbers were applied for evaluating the urban development and population growth (UDPG) levels in Henan province, because they are representatives of UDPG and closely correlated to the air quality (AQI values) in the 17 municipalities (Table 4 , p < 0.01). Among these UDPG factors, urban population, urbanization rate, GDP, per capita GDP, and vehicle numbers were significantly positively correlated with AQI values (p < 0.01), with the correlation coefficients being 0.437, 0.316, 0.399, 0.556, and 0.484, respectively.
The decline in air quality in the 17 municipalities of Henan province ( Figure 2 ) was closely correlated to the unique economic growth and change of industrial structure (EGCIS) and its change trends. The 10 EGCIS influence factors, including GDP, EG 2 , EG 3 , EG 4 , EG 5 , EG 6 , EG 7 , EG 2 /GDP, EG 3 /GDP and EG 4 /GDP, were chosen to evaluate the EGCIS values in Henan province. Obviously, it was the synchronous increase of GDP, primary industry, secondary industry, tertiary industry, industry, construction, and the ratios of tertiary industry that led to the change trends for AQI values, since there were significantly positive correlations between these EGCIS influence factors and AQI values (p < 0.05, Table 5 ). Among these factors, tertiary industry was the most correlated factor, followed by primary industry and secondary industry, the corresponding correlation coefficients of which were 0.698, 0.402, and 0.409, respectively (Table 5 ). Table 6 showed that energy production (including coal production) decreased greatly in recent years, while energy consumption, especially coal consumption, increased year by year in Henan province. Furthermore, air pollution levels were significantly positively correlated to energy consumption growth and structure change potential (ECGSC) parameters, such as the living energy consumption, living power consumption, heat consumption of large-scale enterprises, power consumption of large-scale enterprises, and proportion rates for ES 3 /ES 1 , ES 6 /ES 4 , and ES 7 /ES 4 ( Table 7 ). EP t : The total production of energy; EP 1 : The ratios of coal production in the EP t ; EP 2 : The ratios of crude oil in the EP t ; EP 3 : The ratios of natural gas in the EP t ; EP 4 : The ratios of electricity in the EP t ; EC t : The total consumption of energy; EC 1 : The ratios of coal consumption in the EC t ; EC 2 : The ratios of crude oil consumption in the EC t ; EC 3 :
The ratios of natural gas consumption in the EC t ; EC 4 : The ratios of electricity consumption in the EC t . 
Discussion
Pollution Status
Henan province was supposed to be one of the most polluted and heavy polluted regions in China [22] . AQI values in the 17 municipalities of Henan province were always higher than the second standard for HJ663-2013 except for Xinyang during 2016 to 2018, although the AQI values decreased in the recent three years. Urban expansion, economic growth and irrational economic structure, high energy consumption and unreasonable energy structure were supposed to be the three main reasons for these trends [1, 2, 8, 15, 22] . The intensive emissions induced by a high population density, coal combustion and biomass burning for residential heating, as well as stagnant meteorological conditions that limit the dilution and dispersion of air pollutants, were the main reasons for the AQI values in the winter [9, [27] [28] [29] .
The nationwide implementation of desulfurization systems led to the decreasing trends for SO 2 from 2003 to 2017 [30] . Inversely, NO 2 contents in most municipalities increased somewhat in the past three years, although strict regulations on NO x emissions from power plants and heavy industry that led to the reduction of industrial air pollutants ( Table 2) [31] [32] [33] , which indicated that nonindustrial sources accounted for a greater proportion of the NO 2 . The formation rate of O 3 depends on photochemical reactions, which are affected by solar radiation, temperature, and the emissions of precursors (NO x and VOCs) [31, 32, 34, 35] , leading to the linearly increasing trends for O 3 contents in recent years.
In addition, it was the regional synergistic effects for air pollutants emission that caused the air pollution status in Henan province to be more significant, since air pollution in the surrounding province, such as Hebei province, Shanxi province, and Shandong province were always serious in the past years [1, [4] [5] [6] 13, 15, 18, 22] .
Driving Forces
There are many researchers throughout the world devoted to studying the driving factors of air pollution. The research of Azimi et al. (2018) indicated that coal consumption, power generation, power intensity of GDP, and per capita GDP were four urban development drivers of per capita SO 2 emissions, and the intensity of gasoline consumption, proportion of gasoline vehicles, vehicle use in urban populations, and urbanization rate were the four urban development drivers of per capita NO x in China [18] . In addition, topography, climate, industrial structure, population size and density, GDP, GDP of secondary industry, energy consumption, size of urban area, and transportation could also make great contributions to air pollution in a country or region [36] [37] [38] [39] [40] [41] . However, only a single air pollution driving factor, or a few factors, were discussed in these studies, leading to some limitations on their conclusions.
Henan province is one of the most polluted regions in China [22] . Furthermore, there are evidences that the driving forces, including UDPG, EGCIS, and ECGSC, are the root reasons for serious air pollution in Henan province. Obviously, air pollution has important effects on the socioeconomic systems in Henan province. Therefore, the driving forces of urban systems, including UDPG, EGCIS, and ECGSC, are the root reasons for air pollution in Henan province (Figure 2 ).
Urban Development and Population Growth Potential
The UDPG index was the integrated index for urbanization rate, GDP, per capita GDP, urban population, and vehicle numbers. This parameter could express the status of UDPG quantitatively, and was significantly positively correlated to AQI values in the 17 municipalities of Henan province (Table 4 ). Therefore, UDPG was an indicator parameter that could reflect the change trends for air quality in Henan province. The main reasons were as follows:
First, unprecedented urbanization aggravated the sharp depletion of energy and resources, which then increased air pollutant emissions [18, [42] [43] [44] [45] [46] . Even worse, the urban heat island effect not only affects the energy demand for cooling and heating, but also hampers air pollutant diffusion to a great extent [41, 46] . Therefore, the air quality in the 17 municipalities of Henan province deteriorated in recent years ( Figure 2) .
Second, previous studies have shown that GDP could affect air pollution in a city or region. GDP (including per capita GDP) in Henan province grew greatly along with high energy consumption (coal has been the primary energy source in recent decades) and high air pollutant emissions.
Third, since ownership of vehicles in the 17 municipalities of Henan province has grown dramatically in recent years, traffic-related air pollution has played an increasingly significant role in the air quality. For instance, increasing trends of NO 2 and O 3 concentrations were observed from 2006 to 2017, and the PWA of NO 2 increased slightly, while there was a linear increase in O 3 -8h in this province from 2013 to 2017.
Fourth, urban populations affected air quality significantly in some regions or the whole country in China [47] . A correlation analysis indicated that no significant correlations between AQI values and the total population quantities were observed, while AQI values were closely correlated to urban populations in the 17 municipalities of Henan province from 2003 to 2017 (Table 4 ). The main reasons were as follows: (1) The total population varied slightly due to the birth control policy of the past three decades, while there were unprecedented growth rates for urban populations, which put great pressure on air quality in these municipalities [44] ; (2) the huge population base, accompanied by its high demands for energy and resources, also contributed to the worsening air conditions [48] ; (3) the chain effects of high population, rapid urbanization, and ever-increasing energy demands decreased the air pollution status for the 17 municipalities of Henan province.
Economic Growth and Change of Industrial Structure Potential
Due to tremendous economic growth, the air quality of most cities in China has declined in the past 10 years [1, 18, 49] . Tourism and catering, with their high energy demand and high pollution emission intensity, mainly accounted for the increase in tertiary industrial growth ( Table 5 ). Although secondary industrial outputs were significantly correlated to AQI values in the 17 municipalities of Henan province (p < 0.01), the values of the correlation coefficients were much lower than those of the tertiary industrial outputs because of more government control measures, much stricter control standards, and higher levels of end-pipe treatment [50] . The application of pesticides and fertilizers, as well as straw combustion during the harvest seasons, led to the close correlation between the AQI values and the primary industrial outputs in Henan province, which is a largely agricultural province.
Due to the development of tertiary industry and restrictions on industry, the levels of air pollution in Henan province were significantly positively correlated to the ratios of tertiary industry (p < 0.01), while there were significantly negative correlations between pollution levels and the ratios of primary industry or secondary industry (p < 0.01).
Energy Consumption Growth and Structure Change Potential
ECGSC played a crucial role in the variation of air quality in Henan province, and the main reasons were as follows:
First, coal-dominated energy production and consumption exacerbated the air pollution levels in the 17 municipalities of Henan province since coal combustion greatly contributed to the increase of air pollutants contents.
Second, the increasing energy demand arising from high population density, fast economic growth, and rapid urbanization accelerated the emissions of air pollutants in Henan province. Since energy consumption is significantly positively correlated to population, urbanization rate, GDP, output of primary industry, output of secondary industry, output of tertiary industry, and output of construction (p < 0.01), high population density, continuous economic growth, and rapid urbanization promoted unprecedented growth in the demand energy, which led to higher emissions of air pollutants and the deterioration of air quality, i.e., both AQI values and air pollution risk levels were significantly positively correlated with energy consumption (p < 0.05). Furthermore, ever-increasing energy consumption, especially coal consumption, increased air pollution in these 17 municipalities. Compared with industrial energy consumption, household energy consumption had a much greater impact on the air quality status in the 17 municipalities of Henan province.
Third, there were close correlations between industrial energy consumption and air pollution levels because industrial energy consumption was significantly positively correlated with the discharge amount of SO 2 , industrial waste gas, and NO x (p < 0.01).
Therefore, close correlations between energy consumption and air pollution were observed in the past 10 years, with coal consumption dominating energy consumption structure playing a crucial role in the deterioration of air quality in Henan province.
Harmful Effects of Air Pollution
Harmful effects of air pollution, including related diseases, fires, and traffic, were investigated by statistical methods (Table 8 ). Air pollution can trigger various physiological and psychological problems, as discussed by researchers around the world [2, 4, 5, 51] . The relationship between air quality and related diseases (including respiratory disorders, cancer, heart disease, and nervous system disorders) was analyzed in the 17 municipalities of Henan province. Although significantly negative correlations were observed between mortality from respiratory disorders and AQI values (p < 0.01), respiratory disorders were still the most common illnesses caused by air pollution in the 17 municipalities of Henan province. The main reasons were as follows: (1) Admission rates for respiratory disorders were always the highest among all diseases; (2) it was indicated that several related diseases, i.e., lung cancer, could be initiated by respiratory disorders since there were significantly positive correlations between mortality from respiratory disorders and all related diseases (p < 0.01); and (3) mortality from respiratory disorders was significantly positively correlated with that from cancer, which was significantly positively correlated to TEAP (p < 0.01). Although no close correlations were observed between mortality from cancer and AQI values, mortality from cancer was significantly positively correlated to TEAP in the 17 municipalities of Henan province (p < 0.01). Mortality from heart diseases and nervous system disorders was significantly positively correlated to AQI values in the 17 municipalities of Henan province, which indicated that these two kinds of diseases are closely related to air pollution.
The frequency of fire disasters in the 17 municipalities of Henan province was significantly positively correlated to AQI values (p < 0.01), and the obvious decrease in visibility might be a major cause for the increase of their frequency. There were significantly negative correlations between AQI values and passenger volume (passenger turnover) in the 17 municipalities of Henan province (p < 0.01), and the frequency of public transportation vehicles and the population decreased significantly as AQI values increased if they were higher than the standards. Such inverse correlation relationships were observed for freight transport and AQI values ( Table 8 ) because freight transport was the main reason for the deterioration of air quality (p < 0.01) in this province. 
Air Pollution Prediction Model
As discussed above, the interactions among DFI, TEAP, IEAP, AQI, air pollutants, R, traffic, fire disasters, and related diseases determined the rise in air pollution risk in Henan province. As the DPSIR model demonstrated, it was obvious that the driving forces, which originated from UDPG, EGCIS, and ECGSC, promoted the discharge of air pollutants since UDPG and ECGSC were significantly positively correlated to total emissions of air pollutants and industrial emissions of air pollutants (p < 0.05), respectively. TEAP = 0.051 × UDPG + 1.287 (5)
Furthermore, a Pearson correlation indicated that levels of air pollution were also determined by UDPG, EGCIS, and ECGSC (Tables 4-6 and Table 8 
The integrated risk (R), including traffic, fire disasters, and related diseases, was also affected by both DFI and AQI values; the specific reasons were as follows: (1) The R and AQI values in Henan province were linearly correlated to DFI, UDPG, and ECGSC in 2003 to 2017 (p < 0.01, Equations (7)-(10)), which indicated that the integrated risks were directly related to air pollution driven by DFI in this province, i.e., the growth rate for the R and AQI values were 0.0816 DFI −1 and 4.251 DFI −1 , respectively;
(2) the visibility decreased as air pollution increased, resulting in more traffic and an increased frequency of fire disasters in the 17 municipalities in 2003 to 2017 (Table 8 ); (3) PM 2.5 , as the major pollutant, was found to be correlated with the incidence of respiratory disorders, nervous system disorders, cancer, and cardiovascular disease by experts around the world [7, 49] ; and (4) the linear increase in O 3 -8h contents, which originated from air pollution and urban development in Henan province, could increase the incidence of respiratory disorders, cancer, and cardiovascular disease.
Conclusions
To investigate the 3D spatiotemporal features of air quality in the 17 municipalities of Henan province, China, historical data of AQI values, air pollutants (PM 2.5 , PM 10 , SO 2 , NO 2 , CO, and O 3 -8h) contents, and R levels from 2003 to 2018 were analyzed in this study. Ascending trends of AQI and R values, with a peak in 2015, were observed in Henan province from 2003 to 2018, and there were increasing trends for annual concentrations of all the air pollutants except SO 2 in this period. The annual population-weighted average (PWA) values of PM 2.5 , PM 10 , NO 2 , and O 3 -8h in Henan province were always higher than the CAAQs II in 2013 to 2017, i.e., the annual population-weighted-average (PWA) values of PM 2.5 , PM 10 , and O 3 in Henan province were 0.081 (0.073, 0.066) mg m −3 , 0.135 (0.127, 0.117) mg m −3 , 0.150 (0.165, 0.183) mg m −3 , and 0.403 (0.405, 0.402) mg m −3 , respectively, in 2015 (2016, 2017). Among these, PM 2.5 and PM 10 were the major pollutants since they were always at high levels and were significantly positively correlated to AQI and R values (p < 0.05). Even worse, there was a linear increase in O 3 -8h contents in Henan province from 2013 to 2017. A statistical analysis indicated that changes in monthly moving average AQI values conformed to a U-shaped pattern with the highest values in the winter (from December to February) and the lowest ones in the summer (from June to August). Triple peaks for AQI values at 8:00-10:00 a.m., 6:00-8:00 p.m., and 2:00-4:00 p.m. in the representative municipalities were linked to the periods of morning and evening traffic, as well as photochemical process. The annual average AQI values in Henan province decreased from municipalities in the northwest (Anyang, Zhengzhou, and Jiaozuo, with annual average AQI values of 124.84, 115.62, and 115.65 in 2018) to those in the southeast (Zhumadian and Xinyang, with annual average AQI values of 104.65 and 97.51 in 2018). The same trends were observed for R values and exceeding-standard days in Henan province, i.e., in 2018, the R values (exceeding-standard days) in Anyang, Zhengzhou, and Jiaozuo were 1.33 (201), 1.04 (180), and 1.19 (186), while those in Zhumadian and Xinyang were 0.97 (156) and 0.82 (133), respectively.
The driving force-pressure-state-influence-response (DPSIR) model for assessing socioeconomic forces driving air pollution was constructed using 48 correlative concrete parameters for 2003 to 2017 in Henan province, China. The too-rapid growth of DFI induced by UDPG (synthetic evaluation index for population, urbanization rate, GDP, PCGDP, and vehicle ownership), EGCIS (synthetic evaluation index for GDP, primary industry, secondary industry, tertiary industry, industry, construction, tourism, ratios of primary industry in GDP, ratios of secondary industry in GDP, and ratios of tertiary industry in GDP) and ECGSC (synthetic evaluation index for ES 1 , ES 2 , . . . ES 12 ) led to a direct increase in the atmospheric pollution burden, i.e., the values of UDPG and ECGSC were significantly correlated to TEAP (PCA results for total emissions of SO 2 , NO x , and dust) and IEAP (PCA results for industrial emissions of SO 2 , waste gas, NO x , and dust), respectively, in Henan province (p < 0.05). Furthermore, the prediction models for AQI and R values in Henan province, with the growth rates of 4.2512 DFI −1 and 0.0816 DFI −1 , respectively, were simulated by a multiple linear regression analysis. Although no significant correlations were observed between the annual amount of TEAP and the air pollutants concentrations, the cumulative effects of air pollutant emissions made a great contribution to the air quality in different municipalities of Henan province. Industrial sources contributed to annual PM 2.5 levels as IEAP values were significantly positively correlated to annual PM 2.5 concentrations (p < 0.01). Accordingly, the integrated risks of air pollution in Henan province, including traffic, fire disasters, respiratory disorders, heart disease, and nervous system disorders, originated from the severe air pollution (high levels of AQI values, PM 2.5 , PM 10 , NO 2 ).
